r Gestational hypoxia represses ten-eleven translocation methylcytosine dioxygenase 1 (TET1) expression in uterine arteries, which is recovered by inhibiting endogenous miR-210.
Introduction
During pregnancy, the maternal cardiovascular system, especially the uterine vasculature, undergoes adaptive changes to accommodate the growth of the fetus and the wellbeing of the mother. Uterine blood flow increases markedly as uterine vascular resistance decreases (Magness & Ford, 2015) . Insufficient uteroplacental perfusion is often associated with pregnancy complications such as preeclampsia and intrauterine growth restriction (IUGR). Preeclampsia and IUGR affect approximately 3-10% of pregnancies and are the major causes of maternal and perinatal morbidity and mortality (Sibai et al. 2005; Nardozza et al. 2017) . Women whose pregnancies are complicated with preeclampsia have a 3-to 4-fold greater risk of developing hypertension, stroke and heart disease after gestation (Fraser et al. 2012) . In addition, growth-restricted offspring and offspring born to mothers with preeclampsia have an increased risk of hypertension, stroke and mental disorders later in life (Kajantie et al. 2009; Davis et al. 2012; Tuovinen et al. 2012; Juonala et al. 2015) .
Hypoxia poses a great challenge to reproduction at high altitude. The pregnancy-associated decrease in mean arterial blood pressure in both humans and sheep is absent at high altitude (Palmer et al. 1999; Hu et al. 2017c ). In addition, uteroplacental blood flow in pregnant women is significantly reduced at high altitude due to increased vascular resistance, leading to impaired fetal growth (Zamudio et al. 1995; Browne et al. 2011) . Increased uterine vascular resistance also been observed in pregnant sheep residing at high altitude (Hu et al. 2017c ) and pregnant guinea-pigs exposed to chronic hypoxia (Turan et al. 2017) . Similarly, both preeclampsia and IUGR are associated with reduced uteroplacental blood flow and/or increased uterine vascular resistance (Lunell et al. 1982; Takata et al. 2002; Konje et al. 2003) . The incidence of preeclampsia and IUGR is approximately 3-fold higher at high altitude (Moore et al. 1982; Keyes et al. 2003; Julian, 2011; Soria et al. 2013; Browne et al. 2015 ). Hypoxia appears to be a key contributor to the pathogenesis of preeclampsia and IUGR. The global gene expression in preeclamptic placenta was found to be strikingly similar to that in the placental extract exposed to hypoxia and high altitude placenta (Soleymanlou et al. 2005) . Moreover, gestational hypoxia produced preeclampsia-like symptoms and IUGR in rodent models (Lai et al. 2011; Zhou et al. 2013 ; Thompson et al. 2016; Turan et al. 2017) . Preeclampsia can develop before 34 weeks of gestation (early onset) or at or after 34 weeks of gestation (late onset). Early-onset preeclampsia is generally associated with increased uterine artery resistance and IUGR, whereas late-onset preeclampsia is commonly associated with normal or slightly increased uterine vascular resistance and normal fetal growth (Sibai, 2008) . Our previous studies demonstrated that high altitude hypoxia increased uterine vascular resistance and elevated mean arterial blood pressure in pregnant sheep (Hu et al. 2017c ). However, fetal growth was not affected (Penninga & Longo, 1998) . Thus, the high altitude sheep model appears to share some features of both early-onset and late-onset preeclampsia.
Myogenic tone is a major regulator of vascular resistance. We have previously demonstrated that oestrogen receptor α (ER-α) and the large-conductance Ca 2+ -activated K + (BK Ca ) channel play critical roles in regulating myogenic tone of uterine arteries (Xiao et al. 2009; Hu et al. 2011) . Epigenetic modifications such as DNA methylation, histone modifications and non-coding RNA-mediated gene silencing emerge as important mechanisms in regulating transcription of numerous genes in both health and disease states. The expression of ER-α and BK Ca channel β1 subunit in uterine arteries is governed by the methylation status of ESR1 and KCNMB1 gene promoters (Dasgupta et al. 2012; Chen et al. 2014) . Pregnancy reduces uterine vascular tone primarily via oestrogen's action in upregulating ten-eleven translocation methylcytosine dioxygenase 1 (TET1), which in turn promotes active demethylation of KCNMB1 promoter and subsequent expression of the BK Ca channel β1 subunit (Hu et al. 2017b) . However, high altitude hypoxia impairs pregnancy-induced upregulation of BK Ca channel β1 subunit and attenuation of uterine vascular tone by promoting KCNMB1 promoter methylation (Chen et al. 2014 (Chen et al. , 2015 . is ubiquitously upregulated by hypoxia and plays a pivotal role in cellular responses to hypoxia (Chan et al. 2012) . miR-210 has been implicated in the development of various human diseases including hypoxia-induced pulmonary arterial hypertension Bavelloni et al. 2017) . Interestingly, both preeclampsia and high altitude increase hypoxia-inducible factor 1-responsive miR-210 expression in the placenta (Pineles et al. 2007; Enquobahrie et al. 2011; Lee et al. 2011; Muralimanoharan et al. 2012; Colleoni et al. 2013; Xu et al. 2014 ) and uterine arteries (Hu et al. 2017c ). However, a causative link between hypoxia-induced miR-210 expression in uterine arteries and dysfunction of the BK Ca channel in the maladaptation of uteroplacental circulation at high altitude has yet to be established.
Sheep bear many similarities to humans in terms of physiology and pathophysiology during gestation and have been extensively utilized as an animal model to investigate maternal-fetal interactions and the effects of high altitude hypoxia (Kamitomo et al. 1992; Longo et al. 1993; Barry & Anthony, 2008; Hu et al. 2012) and isobaric chronic hypoxia (Brain et al. 2015; Allison et al. 2016 ) on maternal and fetal cardiovascular function including uterine haemodynamics. Preeclampsia, IUGR and high altitude pregnancy share a common feature of abnormal uteroplacental circulation. In the present study, uterine arteries from sheep acclimatized to high altitude hypoxia were employed to investigate the potential contribution of miR-210 to the maladaptation of uteroplacental circulation. We tested the hypothesis that increased miR-210 contributes to aberrant uteroplacental circulation in high altitude pregnancy via impairing the TET-BK Ca channel cascade in uterine arteries. Herein, we provide novel evidence that blockade of endogenous miR-210 with the anti-miR miR-210 locked nucleic acid (miR-210-LNA) in uterine arteries of pregnant sheep acclimatized to high altitude largely relieves the KCNMB1 repression in a TET-dependent manner, and essentially restores both BK Ca channel activity/function and pregnancy/oestrogen-induced attenuation of uterine arterial myogenic tone. The findings reveal novel mechanistic insight into the regulation of BK Ca channel function and the molecular basis underlying the maladaptation of uterine haemodynamics in gestational hypoxia in a highly relevant animal model of pregnant sheep acclimatized to high altitude hypoxia.
Methods

Tissue preparation and treatment
All procedures and protocols were approved by the Institutional Animal Care and Use Committee of Loma Linda University and followed the guidelines by the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. After tissue collection, animals were killed via intravenous injection of 15 mL T-61 solution (Hoechst-Rousel, Somervile, NJ, USA), according to American Veterinary Medical Association's guidelines.
Non-pregnant and time-dated pregnant sheep of mixed western breeds were obtained from Nebeker Ranch in Lancaster, CA, USA (altitude: ß300 m; P aO 2 , 102 ± 2 mmHg). Uterine arteries were obtained from adult non-pregnant and near-term (ß142-145 days of gestation) pregnant sheep. For the chronic hypoxia treatment, non-pregnant and pregnant (30 days of gestation) animals were transported to Barcroft Laboratory, White Mountain Research Station, Bishop, CA, USA (3801 m, P aO 2 , 60 ± 2 mmHg) and kept there for ß110 days, as described in previous studies (Chang et al. 2010) . Animals were fed with a mixture of hay and corn silage and had free access to water. High altitude animals were transported to the laboratory near sea level immediately before the experiments. Animals were anaesthetized with intravenous injection of propofol (2 mg kg −1 ) followed by intubation, and anaesthesia was maintained on 1.5-3.0% isoflurane balanced with O 2 throughout the surgery. An incision was made in the abdomen and the uterus was exposed. The fourth-generation branches of main uterine artery and resistance-sized uterine artery segments (ß150 μm in diameter) were isolated and removed without stretching and placed into oxygenated Krebs solution containing (in mM): 130.0 NaCl, 10.0 HEPES, 6.0 glucose, 4.0 KCl, 4.0 NaHCO 3 , 1.8 CaCl 2 , 1.2 MgSO 4 , 1.18 KH 2 PO 4 and 0.025 EDTA (pH 7.4). For tissue culture, uterine arteries were placed in a culture dish containing 5 mL of phenol red-free Dulbecco's modified Eagle's medium (DMEM) supplemented with 1% charcoal-stripped fetal bovine serum (FBS), 100 U mL −1 penicillin and 100 μg mL
streptomycin and incubated at 37°C in humidified incubators for 48 h, as described previously (Chang et al. 2010; Hu et al. 2011) . For the hormonal treatment, uterine arteries from non-pregnant sheep were incubated in the presence of 17β-oestradiol (E2β; Sigma-Aldrich, St Louis, MO, USA; 0.3 nM) plus progesterone (P4; Sigma-Aldrich; 100.0 nM) or the vehicle control, as reported previously (Chang et al. 2010; Hu et al. 2011) .
Measurement of BK Ca channel current
Arterial smooth muscle cells were enzymatically dissociated from resistance-sized uterine arteries, and whole-cell K + currents were recorded using an EPC 10 patch-clamp amplifier with Patchmaster software (HEKA, Lambrecht/Pfalz, Germany) at room temperature as previously described (Hu et al. 2011 (Hu et al. , 2012 . Briefly, cell suspension drops were placed in a recording chamber, and adherent cells were continuously superfused with HEPES-buffered physiological salt solution containing (in mM): 140.0 NaCl, 5.0 KCl, 1.8 CaCl 2 , 1.2 MgCl 2 , 10.0 HEPES and 10.0 glucose (pH 7.4). Only relaxed and spindle-shaped myocytes were used for recording.
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Micropipettes were pulled from borosilicate glass and had resistances of 2-5 m when filled with the pipette solution containing (in mM): 140.0 KCl, 1.0 MgCl 2 , 5.0 Na 2 ATP, 5.0 EGTA, 10.0 HEPES (pH 7.2). CaCl 2 was added to bring free Ca 2+ concentrations to 100 nM as determined using WinMAXC software (Chris Patton, Stanford University). Cells were held at -50 mV, and whole-cell K + currents were evoked by voltage steps from −60 to +80 mV by stepwise 10 mV depolarizing pulses (350 ms duration, 10 s intervals) in the absence and presence of 1 mM BK Ca channel blocker tetraethylammonium (Hu et al. 2011 (Hu et al. , 2012 . BK Ca currents, determined as the difference between whole-cell K + currents in the absence of tetraethylammonium and that in the presence of tetraethylammonium, were normalized to cell capacitance and expressed as picoampere per picofarad (pA pF −1 ).
Relaxation studies
Uterine arteries were separated from surrounding tissues and cut into 2 mm ring segments. Isometric tension was measured in the Krebs solution in a tissue bath system (Radnoti, Monrovia, CA, USA) at 37°C, as described previously (Chang et al. 2010; Xiao et al. 2013) . Briefly, each ring segment was equilibrated for 60 min and then gradually stretched to the optimal resting tension determined by responses to 3 × 120 mM KCl challenges. Tissues were then pre-contracted with submaximal concentrations of serotonin that produced ß70-80% of the maximal contraction, followed by additions of the BK Ca channel opener NS1619 in a cumulative manner.
Measurement of pressure-dependent myogenic tone
Pressure-dependent myogenic tone of resistance-sized uterine arteries was measured as described previously (Chang et al. 2010; Hu et al. 2011) . Briefly, the arterial segments (diameter, ß150 μm) were mounted and pressurized in an organ chamber (Living Systems Instruments, Burlington, VT, USA). The intraluminal pressure was controlled by a servo-system to set transmural pressures, and arterial diameter was recorded using the SoftEdge Acquisition Subsystem (IonOptix LLC, Milton, MA, USA). After the equilibration period, the intraluminal pressure was increased in a stepwise manner from 10 to 100 mmHg in 10 mmHg increments, and each pressure was maintained for 5 min to allow vessel diameter to stabilize before the measurement. The passive pressure-diameter relationship was conducted in Ca 2+ -free physiological salt solution (PSS) containing 3.0 mM of EGTA to determine the maximum passive diameter. The following formula was used to calculate the percentage of pressure-dependent tone at each pressure step: 
miR210-LNA transfection
For tissue transfection, the mixture of miR-210-LNA (Qiagen, Germantown, MD, USA) or AllStars Negative Controls (Qiagen), HiPerfect transfection reagent (Qiagen) and Opti-MEM 1 (Thermo Fisher Scientific, Waltham, MA, USA) was prepared and incubated for 10 min at room temperature as described previously (Hu et al. 2017c) . The mixture was subsequently added to DMEM containing 1% charcoal-stripped FBS in a six-well plate maintained in an incubator at 37°C for 48 h. For cell transfection, uterine arterial vascular smooth muscle cells (VSMCs) were prepared as described above and resuspended in DMEM containing 10% FBS. The mixture of FAM-labelled miRCURY LNA miRNA Inhibitor Negative Control A or FAM-labelled miR-210 miRCURY LNA miRNA Inhibitor (miR-210-LNA, Qiagen), HiPerfect transfection reagent (Qiagen) and Opti-MEM I (Thermo Fisher Scientific) was prepared and incubate for 10 min at room temperature. Subsequently, freshly isolated VSMCs were added on top of the mixture in a 24-well plate and maintained in an incubator at 37°C for 48 h. FAM-labelled miR-210/negative control were used to permit optical selection in electrophysiological studies. The working concentrations of negative control-LNA and miR-210-LNA were 100 nM. DMEM contained no antibiotics.
Real-time RT-PCR
Total RNA was isolated using TRIzol reagent (Thermo Fisher Scientific) and subjected to reverse transcription with iScript cDNA synthesis system (Bio-Rad, Hercules, CA, USA). RNA quality was assessed by a Nanodrop spectrophotometer (Thermo Fisher Scientific) by determining A 260 /A 280 , A 260 /A 230 values. RNA used in this study had an A 260 /A 280 value of 1.9-2.0 and A 260 /A 230 value of 2.0-2.3. RNA integrity was additionally confirmed by electrophoresis of 1 μg total RNA on a 1% agarose gel to reveal intact 28S, 18S and 5S RNA species. The mRNA abundance of TET1 and BK Ca channel β1 (BKβ1) subunit was measured with real-time RT-PCR using iQ SYBR Green Supermix (Bio-Rad) as described previously (Chen et al. 2014) . Primers used were 5 -CTCCCCTTCTCAATGCCTTT-3 (forward) and 5 -GAAATACCCACCCCCAATTT-3 (reverse) for TET1, and 5 -TGGGAAAGAAGCTGGTGATG-3 (forward) and 5 -AGTGGTGCCCAGGATGTAG-3 (reverse) for BK Ca channel β1 subunit. β-Actin was used as an internal control (forward primer: 5 -CTCTTCCAGCCTTCCTTCCT; reverse primer: 5 -CGTGTTGGCGTAGAGGTCTT). PCR was performed in triplicate, and threshold cycle numbers (C T ) generated by CFX connect Real Time System (Bio-Rad) were averaged for each sample. Quantification of mature miR-210 was performed using the miScript II RT kit and the miScript SYBR Green PCR kit with miScript Primer Assay kit (Qiagen) according to the manufacturer's instructions, as described previously (Ma et al. 2016) . Primers included miScript Universal Primer, miR-210 miScript Primer Assay and SNORD61 miScript Primer Assay (Qiagen). PCR was performed in triplicate and C T values were averaged for each sample. SNORD61 miScript Primer (Qiagen) was used as the internal control for quantification of mature miR-210. The expression of gene of interest (GOI) was calculated by 2 − C T relative to the internal controls (Livak & Schmittgen, 2001 ). The relative expression levels of the GOI in the treatment groups were then expressed as a percentage of the control group C T values.
Western immunoblotting
Protein abundance of TET1 and BK Ca channel β1 subunit in uterine arteries was measured as described previously (Hu et al. 2011 (Hu et al. , 2017b (Hu et al. ,2017c . Briefly, tissues were homogenized in a lysis buffer followed by centrifugation at 4°C for 10 min at 10,000 g, and the supernatants were collected. Samples with equal proteins were loaded onto 7.5% polyacrylamide gel with 0.1% SDS and were separated by electrophoresis at 100 V for 2 h. Proteins were then transferred onto nitrocellulose membranes. After blocking non-specific binding sites by dry milk, membranes were incubated with primary antibodies against TET1 (Millipore, Billerica, MA, USA) and BK Ca channel β1 subunit (Santa Cruz Biotechnology, Dallas, TX, USA). After washing, membranes were incubated with secondary horseradish peroxidase-conjugated antibodies. Proteins were visualized with enhanced chemiluminescence reagents, and blots were exposed to Hyperfilm. Results were quantified with the Kodak Electrophoresis Documentation and Analysis System and Kodak ID image analysis software (Kodak, Rochester, NY, USA). The target protein abundance was normalized to the abundance of β-actin as a protein loading control.
Statistical analysis
Data are expressed as means ± SEM obtained from the number of animals in each experiment. Concentration-response curves were analysed by computer-assisted non-linear regression to fit the data using Prism (GraphPad Software, San Diego, CA, USA). Differences were evaluated for statistical significance (P < 0.05) by ANOVA or Student's t test where appropriate, and the concentration-response relationship was analysed with repeated measures ANOVA.
Results
miR210-LNA lessened hypoxia-induced TET1 suppression in uterine arteries
High altitude hypoxia significantly increases miR-210 levels in uterine arteries (Hu et al. 2017c) . Sequestering endogenous miR-210 would be an effective approach to counter both the induction of miR-210 by hypoxia and miR-210-mediated effects. LNA-based antisense oligonucleotides have been shown to knock down miRs with high efficiency and reliability (van Rooij & Kauppinen, 2014) . To test the effectiveness of miR-210-LNA, uterine arteries of high altitude pregnant sheep were transfected with 100 nM of miR-210-LNA or negative control under 10.5% O 2 . As expected, endogenous miR-210 was significantly reduced by the miR-210-LNA transfection (Fig. 1) .
Our previous study demonstrated that the upregulation of TET1 played a key role in pregnancy-and steroid hormone-induced active DNA demethylation of KCNMB1 promoter and increase of BK Ca channel β1 subunit expression in uterine arteries (Hu et al. 2017b) . We now assessed whether high altitude hypoxia during gestation altered the expression of TET1 in uterine arteries. Figure  2A shows that TET1 mRNA and protein abundance were significantly decreased in uterine arteries of pregnant sheep acclimatized to high altitude hypoxia, as compared with that in animals near sea level. Given that TET1 is a direct target of miR-210 (Hu et al. 2017c) , we then examined a causal role of miR-210 in mediating high altitude hypoxia-induced TET1 repression in uterine arteries by knockdown of endogenous miR-210 using miR-210-LNA. As shown in Fig. 2B , the blockade of endogenous miR-210 with miR-210-LNA resulted in a significant increase in the expression of TET1 mRNA and protein in uterine arteries.
miR-210-LNA eliminated hypoxia-induced repression of BK Ca channel β1 subunit in uterine arteries
High altitude hypoxia inhibited pregnancy-induced upregulation of BK Ca channel expression and function by promoting KCNMB1 promoter methylation (Chen et al. 2014 (Chen et al. , 2015 . Thus, we determined whether and to what extent inhibition of miR-210 affected BK Ca channel β1 subunit expression in uterine arteries of pregnant sheep exposed to high altitude hypxoia. As shown in Fig. 2C , miR-210-LNA significantly increased BK Ca channel β1 subunit mRNA and protein abundance in uterine arteries. However, the TET inhibitor fumarate Laukka et al. 2016; Sciacovelli et al. 2016) annulled miR-210-LNA-mediated increase in KCNMB1 expression (Fig. 2D) , supporting that miR-210 triggered BK Ca channel β1 subunit downregulation in uterine arteries through repression of TET1.
Hypoxia had a direct effect on downregulation of TET1 and KCNMB1 in uterine arteries in a miR-210-dependent manner
To examine the direct effect of hypxoia, uterine arteries of pregnant sheep near sea level were treated ex vivo with 10.5% O 2 for 48 h. In a manner similar to high altitude hypoxia, ex vivo hypoxia increased miR-210 levels in uterine arteries (Fig. 3A) . Consistent with the findings in high altitude animals ( Fig. 2A) , the hypoxia treatment significantly decreased TET1 mRNA and protein abundance in uterine arteries (Fig. 3B) . Importantly, the inhibition of miR-210 by miR-210-LNA restored protein expression of both TET1 and BK Ca channel β1 subunit in uterine arteries under the hypoxic condition (Fig. 3C) , suggesting a direct effect of hypoxia-induced miR-210 on TET1 and BK Ca channel expression in uterine arteries. miR-210-LNA reversed hypoxia-mediated repression of BK Ca channel activity in uterine arteries of pregnant sheep exposed to high altitude hypoxia
The functional significance of miR-210-induced BK Ca channel β1 subunit repression in uterine arteries was determined by measuring BK Ca current density. High altitude hypoxia suppressed BK Ca channel activity and reduced the current density in a voltage-dependant manner in uterine arteries of pregnant sheep (Fig. 4A) . The miR-210-LNA treatment blocked the effect of hypoxia and significantly increased BK Ca channel currents in uterine arteries of pregnant sheep acclimatized to high altitude hypoxia (Fig. 4B ). Of importance, the inhibition of TET by fumarate ablated the ability of miR-210-LNA to restore BK Ca current density in uterine arteries of hypoxic animals (Fig. 4C) .
miR-210-LNA increased BK Ca channel-mediated relaxation and decreased myogenic tone in uterine arteries of pregnant sheep exposed to high altitude hypoxia and ex vivo hypoxia As shown in Fig. 5A , compared to the negative control, the miR-210-LNA treatment enhanced BK Ca channel opener NS1619-induced relaxations of uterine arteries from high altitude pregnant sheep. However, the inhibition of TET by fumarate decreased BK Ca channel-mediated relaxations and eliminated the effect conferred by miR210-LNA (Fig. 5B) . Consistent with the direct effect of hypoxia on miR-210-induced BK Ca channel downregulation, mR-210-LNA ameliorated the direct effect of hypoxia on inhibiting NS1619-induced relaxations in uterine arteries of low altitude pregnant sheep (Fig. 5C ). In addition, miR-210-LNA reduced myogenic tone in uterine arteries of high altitude pregnant animals (Fig. 6A) , which was blocked by fumarate (Fig. 6B) .
miR-210-LNA enabled steroid hormones to upregulate BK Ca channel activity in uterine arteries of non-pregnant sheep exposed to high altitude hypoxia Our previous studies demonstrated that steroid hormones induced upregulation of BK Ca channel activity in uterine arteries, which was compromised by high altitude hypoxia (Hu et al. 2011 (Hu et al. , 2012 . We thus examined a cauasl role of miR-210 in the hypoxia-mediated suppression of the homonal effect. Consistent with the previous finding, the ex vivo steroid hormone treatment had no effect on BK Ca channel currents in uterine arteries from high altitude non-pregnant animals (Fig. 7A) . The miR-210-LNA treatment allowed the effect of steroid hormones and significantly increased BK Ca channel currents in the uterine arteries (Fig. 7B) . However, in the presence of furamate, the effect of miR-210-LNA on steroid hormone-induced upregulation of BK Ca channel currents in the uterine rateries was ablated ( Fig. 7C and  D) . miR-210-LNA enabled steroid hormones to upregulate BK Ca channel-mediated relaxation and to lower myogenic tone in uterine arteries of non-pregnant sheep exposed to high altitude hypoxia Figure 8A shows that the steroid hormone treatment had no significant effect on BK Ca channel opener NS1619-induced relaxations of uterine arteries from high altitude non-pregnant animals. The miR-210-LNA treatment facilitated the steroid hormones to increase NS1619-induced relaxations in the uterine arteries of non-pregnant animals (Fig. 8B) . In addition, miR-210-LNA allowed the steroid hormones to reduce pressure-dependent myogenic tone in uterine arteries from high altitude non-pregnant animals ( Fig. 8C and  D) .
Discussion
The major findings of the present study are that (1) inhibiting endogenous miR-210 with miR-210-LNA ameliorated gestational hypoxia-induced downregulation of TET1 in uterine arteries, (2) miR-210-LNA eliminated hypoxia-mediated repression of BK Ca channel β1 subunit and channel function and restored the ability of steroid hormones to upregualte BK Ca channel function in uterine arteries, and (3) the effects of miR-210-LNA on BK Ca channel expression and function in the uterine arteries were blocked by TET inhibition with fumarate. Thus, our work reveals a causal role of miR-210 in downregulating TET1 and provides a novel mechanistic link to the BK Ca channel dysfunction and maladaptation of uterine haemodynamics in gestational hypoxia. miR-210 is the 'master hypoxamir' of a specific group of miRs termed hypoxamirs that are regulated by hypoxia (Chan et al. 2012) . Overexpression of miR-210 in uteroplacental tissues is a common feature in preeclampsia, IUGR and high altitude pregnancy. High altitude hypoxia increased the expression of miR-210 in human placenta (Colleoni et al. 2013 ) and ovine uterine arteries (Hu et al. 2017c) . Preeclampsia and IUGR also increased placental expression of miR-210 (Pineles et al. 2007; Zhu et al. 2009; Lee et al. 2011; Muralimanoharan et al. 2012; Zhang et al. 2012; Xu et al. 2014; Korkes et al. 2017) . Apparently, the induction of miR-210 in these complications is primarily caused by hypoxia as ex vivo or in vitro hypoxia exposure elevated miR-210 in both uterine arteries (Fig. 3A ) and placental cells (Lee et al. 2011; Zhang et al. 2012; Colleoni et al. 2013) . The elveation of miR-210 in the uteroplacental tissues has been implicated in the pathogenesis of preeclampsia and IUGR (Bounds et al. 2017; Chiofalo et al. 2017) .
The active DNA demethylation process initiated by TETs is essential for epigenetic reprogramming of genes. TET1-mediated active demethylation of BK Ca channel β1 subunit-encoding gene KCNMB1 promoter in response to oestrogen stimulation and successive upregulation of BK Ca channel β1 subunit in uterine arteries play a pivotal role in the uteroplacental haemodynamic adaptation to pregnancy (Hu et al. 2017b) . However, KCNMB1 promoter in uterine artreries of hypxoic animals became hypermethylated and the gene was repressed, leading to increased uterine vascular tone (Hu et al. 2012; Chen et al. 2014; Chen et al. 2015) , suggesting that gestational hypoxia disrupts DNA methylation-demethylation dynamics. miRs epigenetically regulate gene expression patterns by targeting mRNA 3 -untranslated region, resulting in degradation or translational suppression of the target transcripts. Various miRs have been found to target TETs leading to downregualtion of the enzymes (Fu et al. 2013; Lv et al. 2014; Chuang et al. 2015; Takayama et al. 2015; Tu et al. 2015) . The reciprocal changes of miR-210 and TET1 in uterine arteries of hypoxic animals suggest that miR-210 may negatively regulate TET1 expression. TET1 was a direct target of miR-210 and ectopic expression of miR-210 was able to downregulate TET1 in uterine arteries of normoxic pregnant animals (Hu et al. 2017c) . In the present study, we demonstrated that TET1 expression was suppressed in uterine arteries of hypoxic animals. Importantly, we revealed that inhibiting miR-210 with miR-210-LNA was able to eliminate hypoxia-mediated downregualtion of J Physiol 596.23 TET1 expression, providing cause-and-effect evidence that gestational hypoxia-triggered miR-210 induction plays a key role in the downregulation of TET1 in uterine arteries. These findings uncover a novel mechanism in which an interaction between two epigenetic mechanisms ultimately promotes DNA methylation in uterine arteries in high altitude pregnancy. In addition, the activity of TETs could be inhibited by chronic hypoxia (Thienpont et al. 2016) . Moreover, the expression of DNA methyltransferase (DNMT) 3b and activity of DNMTs in uterine arteries were elevated in high altitude pregnant animals (Hu et al. 2017a) . Thus, gestational hypoxia engendered dysfunction of the DNA methylation machinery, which in turn promoted excessive methylation in uterine arteries of hypoxic animals. Consistently, we observed hypermethylation of both ESR1 and KCNMB1 promoters in this vasculature (Dasgupta et al. 2012; Chen et al. 2014 Chen et al. , 2015 . Increased methylation following chronic hypoxia has also been reported in the pulmonary and cardiovascular systems of other species (Archer et al. 2010; Watson et al. 2014) .
Interestingly, the expression of TETs in the placenta and umbilical vein was also reduced in preeclampsia Sun et al. 2016) . Uteroplacental insufficiency is often associated with preeclampsia and IUGR (Palei et al. 2013) . Hence, hypoxia-induced miR-210 is probably a common cause of uteroplacental TET suppression in preeclampsia, IUGR and high altitude pregnancy. Targeting TET1 is one of many actions of miR-210 in the uteroplacental tissues. For example, miR-210-induced downregulation of iron-sulfur cluster scaffold (ISCU) (Lee et al. 2011; Muralimanoharan et al. 2012) , hydroxysteroid (17-β) dehydrogenase 1 (HSD17B1) (Ishibashi et al. 2012) , ephrin-A3 (EFNA3) and homeobox-A9 (HOXA9) , thrombospondin type I domain containing 7A (THSD7A) (Luo et al. 2016) , and potassium channel modulatory factor 1 (KCMF1) (Luo et al. 2014) in the placenta might also contribute to the pathophysiology of preeclampsia and IUGR. In an in vitro model, overexpression of miR-210 has been found to inhibit trophoblast invasion (Anton et al. 2013) .
Previous studies revealed that KCNMB1 repression and BK Ca channel dysfunction contribted to gestational hypoxia-induced uterine vascular maladaptation (Hu et al. 2012; Chen et al. 2014 Chen et al. , 2015 . Ectopically expressing miR-210, which simulates gestational hypoxia-mediated induction of miR-210, in uterine arteries of normoxic animals suppressed both pregnancy/oestrogen-induced KCNMB1 expression and BK Ca channel function (Hu et al. 2017c ). Thus, it is possible that the increased expression of miR-210 in uterine arteries of hypoxic animals would impair BK Ca channel expression and function. In the present study, we demonstrated that the blockade of endogenous miR-210 with miR-210-LNA in uterine arteries of hypoxic animals ameroliated the hypoxia-induced downregulation of KCNMB1 expression, BK Ca channel activity and BK Ca channel-mediated relaxation. Importantly, miR-210-LNA also permited pregnancy/oestrogen to attenuate vascular tone of uterine arteries in hypoxic animals. Likewise, miR-210-LNA also relieved ex vivo hypoxia-induced suppression of BK Ca channel acitivity in uteirne arteries of normoxic animals (Hu et al. 2017c ). Thus, these findings revealed a casuative role of miR-210 in the suppression of BK Ca channel expression and function in uterine arteries of hypoxic animals. Our previous study demonstrated that the upregulation of BK Ca channel expression and function in uterine arteries during pregnancy was governed by TET-mediated active demethylation (Hu et al. 2017b) . Given that gestational hypoxia-induced miR-210 diminished TET1 expression in uterine arteries, we reasoned that TET1 is a plausible mediator of miR-210-induced BK Ca channel dysfunction. To this end, we employed the pharmacological tool fumarate, a competitive inhibitor of TETs with an IC 50 of ß1.5 mM Laukka et al. 2016; Sciacovelli et al. 2016) , to investigate the role of TETs in miR-210-triggered dysregulation of the BK Ca channel. Intriguingly, the remedial effects of miR-210-LNA on BK Ca channel expression/function and uterine vascular tone in hypoxic animals were anulled by fumarate. Similarly, knockout of TET1 suppressed pregnancy/oestrogen-induced KCNMB1 expression/function in uterine arteries and increased uterine arterial vascular tone (Hu et al. 2017b) . Taken together, these findings indicate that TET1 functions as a key player in mediating the detrimental effects of miR-210 on the BK Ca channel in uterine arteries of hypoxic animals. Therefore, our study provides a novel mechanistic link between the miR-210-TET-BK Ca cascade and the maladaptation of uterine haemodynamics engendered by gestational hypoxia, preeclampsia and IUGR. It should be noted, however, that the inhibition of TETs with fumarate could induce demethylation of a host of genes in addition to KCNMB1, which might also influence vascular function. Fumarate has also been shown to reduce inflammation and oxidative damage via activating nuclear factor-like 2 (Nrf2) and inhibiting pro-inflammatory nuclear factor-κB (NFκB), signal transducer and activator of transcription 3 (STAT3) and cJUN signaling pathways in vascular smooth muscle, thus attenuating cerebral oedema formation by protecting the blood-brain barrier integrity and ameliorating pulmonary arterial hypertension (Kunze et al. 2015; Grzegorzewska et al. 2017 ).
To date, there is no effective cure for preeclampsia and IUGR. Uteroplacental insufficiency, which restricts blood flow to the uterine vessels and placenta, is believed to be central to the pathology of these two pregnancy complications. Thus, improving uteroplacental circulation by reducing uterine vascular resistance presents an attractive therapeutic approach. Accumulating evidence suggests that miRs may contribute to the pathogenesis of preeclampsia and IUGR (Bounds et al. 2017; Chiofalo et al. 2017) . One potential approach is silencing the overexpressed miRs in these pathological conditions to decrease their unfavourable effects. Several lines of evidence have shown the clinical potental of miR inhibition with antimiRs. Miravirsen, the antimiR against miR-122, produced long-lasting suppression of hepatitis C virus in non-human primates (Elmen et al. 2008 ) and has been tested in a phase-II clinical trial for the treatment of hepatitis C virus infection (Janssen et al. 2013) . In vivo administration of a miR-22 antimiR to spontaneously hypertensive rats significantly lowered blood pressure (Friese et al. 2013 ). An antimiR against miR-143 also alleviated chronic hypoxia-induced pulmonary hypertension in mice (Deng et al. 2015 ). Increased miR-210 level in uteroplacental tissues is a shared feature for gestational hypoxia, preeclampsia and IUGR. Our studies revealed that hypoxia-induced miR-210 increased 
